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ABSTRACT 
The Everglades has been experiencing major changes, both climatic and anthropogenic, 
such that the landscape is experiencing additional stresses and forcings leading it away from its 
natural equilibrium. The land within and surrounding the Everglades has undergone severe 
modifications that may have detrimental effects on wildlife and natural features, such as rivers 
and landscape connectivity. Here in this study, the main focus is on understanding and 
quantifying hydrologic and geomorphic signatures of climatic and anthropogenic changes on the 
Everglades landscape. For this, in particular, available data on natural hydrological processes 
was used, such as rainfall, groundwater elevation, streamflow as well as surface elevations and 
satellite images for three different regions. These regions are categorized as forested, urban 
(nearby Everglades regions) and transition (in between forested and urban regions). The results 
show distinct differences in the statistics of observed hydrologic variables for the three different 
regions. For example, the probability distribution functions (PDFs) of groundwater elevation for 
the case of urban region show a shift in mean as well as lower asymmetry as compared to 
forested regions. In addition, a significant difference in the slopes between smaller and larger 
scales of the power spectral densities (PSDs) is observed when transitioning from forested to 
urban. For the case of the streamflow PDFs and PSDs, the opposite trends are observed. Basin 
properties extracted from digital elevation models (DEMs) of the Everglades reveal that drainage 
densities increase when moving from the urban to the forested sub-regions, highlighting the 
topographic and land use/land cover changes that the Everglades has been subjected to in recent 
years. Finally, computing the interarrival times of extreme (>95th percentile) events that suggest 
power-law behavior, the changes in power-law exponents of the hydrologic processes further 
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highlights how these processes differ spatially and how the landscape has to respond to these 
changes. Quantifying these observed changes will help develop a better understanding of the 
Everglades and other wetlands ecosystems for management to future changes and restoration. 
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CHAPTER 1: INTRODUCTION 
The Everglades has been experiencing drastic changes over the past few decades due to 
both natural and anthropogenic changes that have altered the landscape’s stability and 
heterogeneity as well as habitat diversity (Larsen et al., 2009; Noe et al., 2009, Larsen et al., 
2011). These changes are observed, for e.g., in sediment and nutrient dynamics, changing 
patterns of ridges, sloughs and tree islands, nitrogen loading and vegetation characteristics. 
Understanding and quantifying different features and characteristics of the Everglades landscape 
under change can help us emphasize the importance of maintaining its ecosystem in equilibrium 
as well as predicting its response to future climate change and human intervention.  
It has been argued that the natural landscapes are constantly adjusting to their 
surroundings, i.e., landscapes are reorganizing themselves so that a natural balance is achieved 
and maintained at all times (Carpenter and Brock, 2006; Erwin, 2009; Nourani et al., 2015; 
Singh et al., 2015; Abed-Elmdoust et al., 2016). These adjustments occur more often when 
landscapes are easily prone to instability. While these changes can occur naturally, in some 
instances, human activity can be an external force or driver that causes instability and propagates 
a landscape transition (Scheffer et al., 2001). For example, from a historical standpoint, 
freshwater from Lake Okeechobee flowed south to the Everglades and as freshwater entered the 
wetlands ecosystems, it counteracted any increase in salinity in the coastal regions (Chambers et 
al., 2015). Today, canals and dams redirect the flow of water, adversely affecting the landscape. 
Another example of a large ecosystem transition is climate change (Carpenter and Brock, 2006). 
Several studies have focused on investigating the changes in the dynamics of physical 
features and processes of the Everglades system. For example, Larsen et al. (2011) suggested 
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that change in the sediment dynamics impacts topography, ecosystems, and restoration efforts. 
Noe et al. (2011) argued that the dominant pattern of alternating peat-based ridges and sloughs 
present in the pre-drainage Everglades is altered by recent human activities and current 
hydrologic conditions in Everglades are not conducive to maintaining this ridge-slough pattern 
(see also Davis et al., 1994, Sklar et al., 2002; Ogden, 2005). More recently, Chambers et al. 
(2015) suggested that there is ample evidence that sea-level rise is changing Everglades coastal 
ecology. 
Generally, it is complicated and difficult to predict or anticipate when a landscape 
transition will occur. However, observing the variability of a system and processes acting upon it 
over time can suggest whether or not a regime shift is impending (Carpenter and Brock, 2006). 
Landscape transitions can be anticipated in advance in order to prevent drastic consequences. In 
the case of the Everglades and other similar wetlands, a regime shift could lead to losses in water 
quality, damages to diverse habitats, and reductions in vegetation and other natural features 
(Carpenter and Brock, 2006). Another study noted that an increase in the variance of hydrologic 
processes over temporal scales may signal a shift in a natural system (Kleinen et al., 2003). It is 
observed that changes in asymmetry, primarily skewness, can also be a generic indicator of an 
incoming regime shift (Guttal et al., 2008). These studies have suggested that the higher order 
statistics (such as variance and skewness) can shed more light on the changing dynamics of these 
ecological systems. Such analysis can be applied to various hydrologic processes (e.g. 
precipitation, groundwater elevation, streamflow) that are prominent in the Everglades and can 
be used to understand, in particular, quantifying their change that can affect the complexity and 
the dynamics of an ecosystem, not only temporally, but spatially as well.  
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1.1 Study Area 
The study area for this investigation is focused on the Everglades region. Located in the 
southern portion of state of Florida, the Everglades consists of tropical wetlands and serves as a 
habitat for many diverse wildlife. Forming part of a large drainage basin, the Everglades 
discharges water southward into the Florida Bay. The Everglades landscape consists of many 
ridges and sloughs that are connected to local water bodies, promoting connectivity (Larsen et al., 
2012). In addition, The Everglades provide services to people by improving the quality of water 
through natural filtration processes. However, due to the increase in human urbanization and 
activities, the Everglades ecosystem has been modified drastically. Coupled with climatic 
changes, the Everglades has been exposed to uncharacteristic forcings. Recently, there is a great 
interest in observing if there are significant processes that are adversely impacting the ecosystem.  
In order to see if there are significant differences within the Everglades region, the area 
has been classified into three (3) categories, or sub-regions: urban (U), transition (T), and 
forested (F) sub-regions. The urban sub-region consists of the cities that border the Everglades. 
For the most part, the area along the east coast of Florida, from Palm Beach to Miami, is 
designated as urban as well as areas along the west coast of Florida, such as Naples and Cape 
Coral. The areas where the urban cities meet the Everglades are designated as the transition sub-
region. Lastly, the forested sub-region consists of all the vast, natural land within the Everglades. 
The study area is shown in Figure 1. Note that these areas (e.g., shown in Figure 1) are selected 
based on the availability of long-term hydrologic data. 
In this study, the assessment will focus on understanding and quantifying hydrologic and 
geomorphic signatures of climatic and anthropogenic changes on the Everglades landscape. 
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Specifically, hydrologic processes such as rainfall, groundwater elevation, and streamflow will 
be analyzed to observe their characteristics and how they change over time. The paper is 
structured as follows: Chapter 2 discusses the review of work done regarding the Everglades. In 
Chapter 3, a brief description of the data collected and methodology is given. Chapter 4 presents 
the results and discussion. Summary and conclusions drawn along with broader impacts for 
future applications are presented in Chapter 5. 
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Figure 1 – Locations of the different USGS stations used in this study along with their 
notations. From the figure, squares represent stations in the forested area. X’s denote 
stations in the transition area, and triangles denote stations in the urban area. The sample 
locations depicted as light blue stars denote where the Everglades experienced minor 
geomorphic changes over time. 
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CHAPTER 2: LITERATURE REVIEW 
Many factors influenced how the extent of the Everglades was shaped. The three main 
factors are: surface water depths, surface and subsurface flow, and phosphorous supply. Recent 
and historic drivers shaped the Everglades landscape into distinct physical features, such as 
patterns of ridges, sloughs, and tree islands (Larsen et al., 2011). These mentioned patterns have 
created dynamic equilibrium in the Everglades for around millennia. In the past century however, 
human manipulation of the Everglades has also caused a shift in the landscape of the Everglades. 
Over time, physical features of the Everglades wetlands get diminished which may have 
detrimental effects on the ecosystem overall. With the ongoing manipulation, it is crucial to 
restore the Everglades back to its original, natural landscape (Larsen et al., 2011). Observing 
hydrologic processes and assessing the degree of changes and impacts over time can provide an 
indicator as to how the landscape is responding to these changes and the effects of those changes 
to living systems. In essence, the consequences of these changes carry broader impacts that need 
to be addressed. 
Historically, it has been observed that sediments typically are transported from low 
sloughs to higher ridges. This process provides the formation (shaping) and maintenance of the 
Everglades landscape (Noe et al., 2009). Certain biological processes take place within the ridges, 
sloughs, and tree islands that influence how the landscape is shaped. However, should excess 
stress occur, the landscape may become unstable. In turn, the landscape becomes homogenous, 
and disrupts existing diverse species (Larsen et al., 2011). For instance, the lack of understanding 
on how to preserve the mechanisms responsible for the landscape of the Everglades has led to an 
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altercation of the entire region. This prompted the passing of a comprehensive restoration plan 
that aims to restore the wetlands back to its original conditions (Larsen et al., 2011). 
 
2.1 Sediment Transport and Nutrient Concentration Observations 
The primary function of wetlands is to retain sediments from ongoing water flow. Ridges 
generally experience higher sediment deposition rates while sloughs experience higher sediment 
entrainment rates, providing a natural balance on the landscape (Noe et al., 2009). There are 
various factors that control the degree of sediment transport, namely, vegetation, wind, water 
flow, as well as thermal stratification of water bodies in the Everglades region. (Noe et al., 2009). 
The variations in the concentrations of certain nutrients, such as phosphorous play a part in how 
the surface and subsurface flow shape the interior land around it (Larsen et al., 2011). Over time, 
human activity and climate change has caused additional redistribution of sediments along ridges 
and sloughs that alters the ridge and slough topography of the Everglades, and it has been a 
concern to recreate the ideal pre-drainage conditions of the Everglades (Noe et al., 2009). The 
redistribution of phosphorous as a result of these dynamic changes is a feature worth 
understanding. Phosphorous removal is necessary in protecting aquatic ecosystems (Noe et al., 
2009). 
Upon sampling the Water Conservation Area 3A (WCA-3A) region in the Everglades, 
differences in concentrations and sediment characteristics in ridges and sloughs were very 
minimal (Noe et al., 2009). The region sampled was an accurate depiction of the original pre-
drainage ridge and slough patterns and characteristics of the Everglades. The minimal 
7 
 
differences may be attributed to temporal variations, or a combination of low sediment content, 
small particle sizes, and low water velocities (Noe et al., 2009). 
However, concentrations of phosphorous, sediment fluxes and nutrients differed, in 
which the ridge experienced increased phosphorous content while the slough saw increases in 
sediment fluxes. (Noe et al., 2009). For the most part, others have also reported no significant 
differences in sediment characteristics throughout the Everglades site. However, there are a few 
instances where sediments characteristics were significantly altered (Noe et al., 2009). 
Interestingly, when Hurricane Wilma passed over the Everglades site in late 2005, there 
was an increase in sediment deposition and concentration (Noe et al., 2009). The deposition 
occurred mainly in the estuarine mangroves, while an increase in nitrogen concentrations was 
observed in WCA-3A (Noe et al., 2009). Otherwise, when taking into account the wind, 
sediment particle sizes, and water velocities, significant transport of sediments and potential 
nutrients rarely occur (Noe et al., 2009). These are just a few instances where the Everglades 
landscape experiences geomorphic changes. However, not only does sediment transport affect 
the topography and landscape dynamics, the area is subjected to coastal effects as well, since the 
wetlands are situated along the coast of the Gulf of Mexico and the Atlantic Ocean.  
 
2.2 Effects of Sea Level Rise and Nitrogen Loading on Coastal Wetlands 
Regarding coastal wetlands, there has been concern over the rise in sea levels and its 
accompanying consequences. As with the increase in nitrogen loading, it is critical that there is a 
clear understanding of how these events may affect the ecosystem (Larsen et al., 2010). Certain 
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factors affect the removal of nitrogen from the coastal wetlands. These include soil accretion rate, 
marsh landscape, surface and subsurface flow, and biological communities (Larsen et al., 2010). 
Sea level rise (SLR) is known to affect surface water characteristics such as water levels, 
hydraulic head, flow velocities, turbulence intensities and bed shear stresses. Consequently, 
increases of bed shear stresses can lead to an increase in sediment entrainment. Additionally, 
higher sea levels can inundate coastal tidal marshes, which increase the risk of inland erosion.  
Notably, in salt water regions of wetlands, nitrogen removal is reduced due to the 
interaction between nitrogen and bacteria. As such, more nitrogen will be retained in these areas. 
Furthermore, the reduction of groundwater discharge due to the increase in sea level rise also 
prevents the removal of nitrogen (Larsen et al., 2010). In freshwater marshes, the increase in 
nitrogen loading leads to bacterial immobilization, effectively reducing the nitrogen removal. 
However, an increase in the exchange between surface flow and tidal creeks may promote the 
increase in nitrogen removal (Larsen et al., 2010). On the topic of surface flow, various 
parameters, such as local topography, geology, and land use/land cover can influence the natural 
pattern of surface flow. Thus, investigating the surface flow process as a function of these 
parameters may improve our understanding of their changing signatures on the wetlands. 
 
2.3 Vegetation Characteristics 
Vegetation communities and sediment transport are crucial in not only maintaining the 
landscape, but also sustaining diverse biological life (Larsen and Harvey, 2010). Vegetation 
communities existing underwater (sloughs) also influence how river flow affects the landscape. 
Where there is an increase in vegetation communities, the subsurface flow tends to be resisted by 
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the individual stems of the plants, hindering the effects of shaping or eroding of the landscape. In 
essence, vegetation communities provide feedback that dominates the lateral aspects of the 
landscape. Similarly, differential peat accretion feedbacks govern the longitudinal features of the 
landscape (Larsen et al., 2011). Sediment redistribution from sloughs to ridges is possible once 
flows exceed entrainment thresholds. However, finer particles are not affected by flow, since 
existing vegetation may be responsible for intercepting a decent number of fine sediments 
(Larsen et al., 2011). 
Moreover, the higher the water depth is, the higher the resistance caused by the 
vegetation communities and minor nutrient concentrations (Larsen et al., 2011). Water surface 
slope also determines the extent of landscape evolution. The steeper the surface slope, the more 
potential the surface flow has in shaping (widening) the exteriors of ridges, and sloughs (Larsen 
et al., 2011). Vegetation allows for resistance in subsurface flow, preventing disturbances. 
However, when the ecosystem is susceptible to significant changes in surface flow, the channel 
beds may experience great shifts, altering the state of the landscape pattern (Larsen and Harvey, 
2010). With the presence of emergent vegetation, the effects of bed shear stresses are reduced 
(Larsen et al., 2010).  
Vegetation communities influence flow regimes. As a result, the change in the flow 
regimes affects how erosion and deposition processes occur in aquatic ecosystems (Larsen et al., 
2009). However, understanding the effects of vegetation on bed shear stress can provide 
additional information about the evolving ridge and slough landscape. It can also provide insight 
as to why the landscape is becoming more homogenous (Larsen et al., 2009). In the Everglades 
for instance, vegetation communities exhibited a dominant effect of reducing bed shear stresses, 
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which reduced sediment entrainment. It was also observed that water surface slope also tends to 
reduce bed shear stresses. Based on these results, management organizations can focus on what 
measures to take in order to restore heterogeneity and the original ridge/slough landscape of the 
Everglades (Larsen et al., 2009). A basic understanding of how landscapes respond to adverse 
changes and provide feedback is necessary. 
 
2.4 Landscape Feedbacks and Connectivity 
Landscapes exhibit feedbacks that indicate how the landscape changes over time. 
Feedbacks at a small scale (local facilitation), argue that living systems (i.e. organisms) adjust 
their surroundings so that any feedback is positive (Larsen and Harvey, 2010). The scale is no 
longer local once it surpasses a spatial threshold. In this case, feedbacks that occur in this region 
are negative, which explains why organisms thrive in small scales (Larsen and Harvey, 2010). 
Wetlands that follow the ridge/slough landscape pattern, such as the Everglades, have 
unique but valuable ecosystem functions that should be preserved (Larsen and Harvey, 2010). 
Wetlands exhibit scale-dependent feedbacks which involves nutrient accumulation. These 
feedbacks over time are responsible for shaping distinct wetlands with distinct patterns (Larsen 
and Harvey, 2010). The Everglades exhibits a vegetative pattern that has been stable for 
millennia. In the past century, human activity modified the vegetation patterns, which in turn 
caused topographic changes and land cover (Larsen and Harvey, 2010). Understanding these 
feedbacks and the dynamics of landscape evolution can help restore modified landscapes to their 
original conditions (Larsen and Harvey, 2010). 
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Feedbacks can come in several forms, for example, sediment transport feedback and 
differential peat accretion feedback. Feedbacks can interact with each other and shape a certain 
landscape in a unique way. The extent of how feedbacks regulate landscape varies among 
wetlands worldwide (Larsen and Harvey, 2010). For instance, in the vegetative scale, the 
feedbacks mentioned can promote vegetative emergence. In the landscape scale, these feedbacks 
can regulate how open channels are modified (Larsen and Harvey, 2010).  
Establishing a relationship between hydrologic and ecologic conditions of certain areas of 
the Everglades can help provide a better understanding of how sediment transport takes place. 
More importantly, this relationship can help send warning signs of potential degradation or 
difficulties in restoration efforts in advance (Larsen et al., 2012). The extent of sediment 
transport can also affect biodiversity. The fact that there has been a decline in biodiversity 
emphasizes the need for restoration (Larsen et al., 2012).  
Connectivity is defined as the degree in which a landscape facilitates or impedes 
movement along a path. Different forms of connectivity exist. For instance, structural 
connectivity describes the physical adjacency of landscape features. Additionally, function 
connectivity focuses on how processes such as water flow exhibits landscape adjacency. The 
theory of connectivity can be used to explain how wetlands respond to hydrologic events at large 
scales. Connectivity benefits ecology by governing the distribution of habitats over time (Larsen 
et al., 2012). 
In a case study, a process used to analyze the relationship between hydrologic and 
ecologic conditions was a directional connectivity index (DCI) graphic analysis. Complied of 
images with a set resolution, any changes in image rotations may indicate separation of 
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hydrologic and ecologic conditions of the Everglades, which is a sign of potential degradation. In 
the case of the Everglades, the DCI showed that connectivity among sloughs deteriorated quickly. 
This may suggest that the landscape is becoming more homogenous with the increase in the 
growth of sawgrass. (Larsen et al., 2012). 
Longitudinal patterned wetlands are subject to drastic shifts. Any remaining intact portion 
of a wetland consisting of its unique pattern can and needs be preserved (Larsen and Harvey, 
2010). Natural, yet sufficient, water flows and levels are required to maintain the wetland’s 
original landscape. By recognizing these drastic landscape shifts, it is necessary to create new 
best management practices in order to anticipate these changes ahead of time and prevent them 
from occurring (Larsen and Harvey, 2010). Investigating the dominant hydrologic processes in 
depth can provide additional insight as to how their variations can be quantified. 
 
2.5 Quantifying Groundwater Variations 
Quantifying the variations of groundwater levels and recognizing their implications on 
dynamic landscapes (i.e., wetlands) is essential. Hydrologic processes, for example, can affect 
the complexity and dynamics of groundwater flow fields, not only temporally, but spatially as 
well. These hydrologic processes are driven by climate change. With the increasing effects of 
climate change occurring over the past decades, evidently, the behavior of groundwater systems 
is more distinct than usual. Geologic characteristics can also affect the response of groundwater 
systems (Winter, 1999). Along with climate change, the increase in urban development impacts 
the groundwater systems as well. 
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According to the Intergovernmental Panel on Climate Change (IPCC), human activities 
continue to alter the atmosphere and contribute towards the emission of greenhouse gases (IPCC, 
2001). Eckhardt and Ulbrich (2003) observed the changes of rainfall on groundwater recharge 
over different climate scenarios in western Germany. For one scenario, an increase in CO2 
concentrations coupled with minor climate change resulted in groundwater recharge reductions 
of 3%. Another scenario, consisting of a larger increase in CO2 concentrations coupled with 
more significant climate changes resulted in a groundwater recharge reductions of 7.5% 
(Eckhardt and Ulbrich, 2003). Although this study focuses on a low mountain range in Europe, 
this type of analysis can be applied to other natural features, such as wetlands. 
For the Everglades ecosystem, this is an ongoing concern that needs to be addressed. 
However, groundwater flow is not the only process influenced by rapid urban development. 
Streamflow is another major hydrologic process that gets impacted by urbanization. As a result, 
natural basins are disrupted, and flow patterns are out of equilibrium. Observing these signatures 
in hydrologic processes can serve as an indicator as to what extent is climate change impacting 
the wetlands. 
 
2.6 Streamflow Alterations 
Observing changes in major river basins over a period of time can serve as an indicator 
for climate change. Specifically, in another case study, analyzing the streamflow records in 
Minnesota’s major basins reveals that streamflow trends are periodic and are on the order of 13-
25 years roughly. Furthermore, there is amplification in the data in recent years (Novotny and 
Stefan, 2006). What this implies is that with climate change, the risk of intense events increase 
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and along with that, the risk of flooding rises. Beyond that, increased amounts of mean 
streamflow could lead to improved water quality and a better habitat for aquatic ecosystems 
(Novotny and Stefan, 2006). Of course, what occurs in one region will differ in another. Perhaps 
the streamflow change in wetland areas may have different implications. With an ecosystem like 
the Everglades that has been subject to many perturbations, it’s critical for water management 
entities to understand hydrologic changes (mainly in rainfall, groundwater levels, and 
streamflow) and better protect/restore the natural features of the landscape. 
  
15 
 
CHAPTER 3: METHODOLOGY 
To quantify the ongoing effects of climate change on the Everglades, the study focuses 
on three (3) hydrologic processes for each sub region. These processes are: (1) rainfall, R(t); (2) 
groundwater elevation, G(t); and (3) streamflow, Q(t). Historical data for groundwater elevation 
and streamflow processes are available at the United States Geological Survey (USGS) database, 
the South Florida Water Management District (SFWMD), and the Everglades National Park 
(ENP). The data for rainfall are obtained from the Everglades Depth Estimation Network 
(EDEN) within the USGS database as well as SFWMD.  
Groundwater elevation data were obtained from five USGS stations for each sub region. 
Note that the south Florida area is situated above the Floridan aquifer, which is a major source 
for providing fresh, drinking water to major urban cities and also used for the Everglades’ 
ecosystem restoration and for the most part, this aquifer is thinly confined. As for rainfall, five 
gauges for the urban and forested sub-regions were obtained whereas for the transition sub-
region, ten locations were chosen. For streamflow, five stations were obtained for each sub-
region. These data were carefully observed and treated for errors (e.g. instrumental, missing 
gaps) and considered such that the data had roughly the same time periods depending on data 
availability. The locations of these stations are displayed in Figure 1. Table 1 lists the data 
gauges along with their time ranges and properties. 
Before analyzing the data, the data was processed in order to ensure that the analysis 
could be carried out in the best possible manner. In some cases, the raw data collected contained 
missing values, which may give rise to uncertainty. On average, the percentage of missing data 
for R(t), G(t), and Q(t) are 2.07%, 2.79%, and 1.05%, respectively. For the time series analysis, it 
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is preferred that the data sets are continuous. In an attempt to reduce the uncertainty and adjust 
the raw data, a cubic interpolation process was used to interpolate any gaps in the data based on 
the existing values before and after the gap, resulting in a continuous time-series for the study 
time period. In the case for streamflow, a few gauges contained negative values and were 
removed as a part of data treatment and the resulting gaps were filled with the above discussed 
cubic interpolation. 
The digital elevation models (DEM) were obtained from the ASTER Global DEM 
database. According to the USGS EarthExplorer site, which contains the same DEMs from the 
ASTER database, these images were processed around 2011. The resolution of the DEMs was 30 
m, or about 1 arc-second. Figure 2 shows the sampled locations from the study that corresponds 
to the extracted river network. Basin properties will be extracted from watersheds and compared 
across the sub-regions to assess any differences and explain what contributes to these changes. 
From the hydrologic data collected, their histograms will be computed and compared 
across sub-regions. The statistical properties of these histograms will be obtained in order to 
further assess the variability and shape characteristics (i.e. signatures) that these processes 
consist of. This will be done by implementing a differencing approach. Next, spectral analysis is 
used to analyze the degree of variability across time scales. Quantifying the degree of asymmetry 
can provide information on whether or not the wetlands are experiencing major stresses and 
shifts, which may lead to landscape transitions. 
The inter-arrival times of extreme events (>95%) will be computed to observe the power-
law regimes that govern the hydrologic events. Any differences in the power-law regimes across 
the wetlands may further suggest anthropogenic and climatic influence on the Everglades. 
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Reviewing the higher-order statistics of these hydrologic data may reveal their distinct 
signatures and the implications that are present due to the ongoing effects of human activities 
and climate. 
  
18 
 
Table 1 – Gauges and their properties used in this study.  
  
Hydrologic 
process Sub-region Station ID Time range 
Data length 
(years) Minimum Maximum Mean Variance 
Standard 
deviation 
Rainfall (cm) 
Urban 
U1 - MIAMI.FS_R (WMD) 1991-2014 24 0 33.71 0.48 1.76 1.33 
U2 - S29Z_R (WMD) 1991-2016 26 0 24.87 0.42 1.41 1.19 
U3 - HOLLYWOOD (WMD) 1991-2014 24 0 33.99 0.46 2.01 1.42 
U4 - S13_R (WMD) 1991-2014 24 0 24.13 0.41 1.45 1.20 
U5 - FT. LAUD_R (WMD) 1971-2016 46 0 22.83 0.79 2.58 1.61 
Transition 
T1 - SITE_19 (EDEN) 2002-2014 13 0 14.96 0.36 0.98 0.99 
T2 - SITE_99 (EDEN) 2002-2014 13 0 9.27 0.35 0.78 0.88 
T3 - G-3818 (EDEN) 2002-2014 13 0 12.65 0.37 0.92 0.96 
T4 - G-3576 (EDEN) 2002-2014 13 0 12.83 0.38 0.97 0.99 
T5 - G-3626 (EDEN) 2002-2014 13 0 16.48 0.40 1.14 1.07 
T6 - NTS10 (EDEN) 2002-2014 13 0 13.34 0.36 0.93 0.96 
T7 - EVER8 (EDEN) 2002-2014 13 0 13.31 0.33 0.91 0.96 
T8 - EDEN_4 (EDEN) 2002-2014 13 0 13.46 0.34 0.87 0.93 
T9 - S31_H (EDEN) 2002-2014 13 0 11.35 0.34 0.82 0.90 
T10 - S34_H (EDEN) 2002-2014 13 0 10.21 0.34 0.84 0.92 
Forested 
F1 - 
Tamiami_Canal_40_Mile_Be
nd_to_Monroe (EDEN) 
2002-2014 13 0 10.21 0.35 0.86 0.93 
F2 - BCA2 (EDEN) 2002-2014 13 0 10.01 0.38 0.90 0.95 
F3 - BCA15 (EDEN) 2002-2014 13 0 10.13 0.36 0.83 0.91 
F4 - W11 (EDEN) 2002-2014 13 0 12.27 0.34 0.87 0.93 
F5 - Stillwater_Creek 
(EDEN) 2002-2014 13 0 18.49 0.28 0.85 0.92 
          
Groundwater 
elevation (m) 
Urban 
U1 - G-3329 (USGS) 1984-2015 32 0.41 2.40 0.84 0.02 0.14 
U2 - S-18 (USGS) 1973-2014 42 0.31 2.18 0.64 0.01 0.12 
U3 - G-3572 (USGS) 1994-2014 21 0.45 2.59 1.08 0.03 0.17 
U4 - G-614 (USGS) 1973-2015 43 -0.17 3.43 0.98 0.08 0.28 
U5 - G-1223 (USGS) 1973-2015 43 0.32 1.97 0.75 0.03 0.19 
Transition 
T1 - G-618 (USGS) 1973-2014 42 0.96 2.67 2.04 0.05 0.22 
T2 - G-1502 (USGS) 1973-2015 43 0.16 2.51 1.79 0.14 0.38 
T3 - G-975 (USGS) 1958-2015 58 0.64 2.61 1.73 0.09 0.30 
T4 - G-3272 (USGS) 1995-2015 21 0.64 2.57 1.92 0.09 0.30 
T5 - G-1488 (USGS) 1970-2015 46 0.84 2.54 1.89 0.06 0.25 
Forested 
F1 - HE-1063 (USGS) 2003-2014 12 3.51 5.84 5.07 0.22 0.47 
F2 - C-296 (USGS) 1997-2014 18 2.20 3.98 3.40 0.12 0.35 
F3 - C-503 (USGS) 1996-2015 20 3.76 6.00 4.97 0.15 0.38 
F4 - C-54 (USGS) 1973-2014 42 2.41 4.20 3.33 0.07 0.27 
F5 - HE-862 (USGS) 1988-2015 28 1.78 4.54 3.69 0.18 0.42 
          
Streamflow 
(cms) 
Urban 
U1 - 02289500 (USGS) 1959-2015 57 0 31.70 4.33 8.20 2.86 
U2 - C6.NW36 (USGS) 1959-2011 53 0 48.96 6.23 45.15 6.72 
U3 - C9.NW67 (USGS) 1962-2011 50 0 43.87 6.66 31.33 5.60 
U4 - S21_S (WMD) 1978-2014 37 0 73.44 5.12 49.35 7.03 
U5 - S13 (WMD) 1978-2012 35 0 27.51 3.98 13.35 3.65 
Transition 
T1 - 02290769 (USGS) 1968-2015 48 0 83.20 5.12 71.81 8.47 
T2 - NP-TSB (ENP) 1960-2016 57 0 27.56 1.61 7.82 2.80 
T3 - S9_P (WMD) 1957-2016 60 0 68.88 5.41 68.77 8.29 
T4 - L29 (USGS) 1963-2013 51 0 50.37 4.79 37.74 6.14 
T5 - S177_S (WMD) 1983-2012 30 0 49.97 4.91 52.55 7.25 
Forested 
F1 - 02288800 (USGS) 1960-2015 56 0 170.08 12.00 358.22 18.93 
F2 - 02288900 (USGS) 1963-2015 53 0 205.74 11.40 291.28 17.07 
F3 - 02291000 (USGS) 1952-2014 63 0 8.26 2.30 3.50 1.87 
F4 - S333 (WMD) 1978-2016 39 0 69.34 6.62 71.84 8.48 
F5 - S140-TOT (WMD) 1969-2016 48 0 60.36 4.31 41.88 6.47 
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Figure 2 – Stream network in south Florida. Also, three sample watersheds for the urban, 
transition, and forested sub-regions are mapped out. 
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CHAPTER 4: RESULTS AND DISCUSSION 
In order to quantify changes in the Everglades’ wetland environment over time, a clear 
understanding of how hydrological processes change, is necessary. These changes in the 
hydrologic processes can be driven by climate change as well as by human intervention, such as 
urban development, groundwater pumping, and construction of canals. With the increase in 
urban development, especially near the Everglades, there is a greater interest in understanding 
how hydrologic systems, particularly groundwater flow patterns, within wetland ecosystems are 
affected under developed conditions (Sophocleous, 2002). Additionally, observing and 
characterizing the changes in major river basins’ hydrology and geomorphology over a period of 
time can serve as an indicator for climate change (Novotny and Stefan, 2006). The development 
and operation of canals effectively redirects local streams from their original path, altering the 
natural flow pattern and causing the Everglades wetlands and wildlife systems to respond to this 
sudden change. This prompts additional understanding of how hydrologic systems are being 
carried out. 
To observe the geomorphic changes in the Everglades region over time, current satellite 
images are compared to historical satellite images of the region. Using the Google Earth 
historical time slider feature, the historical images of the Everglades date back to 1994-1995, 
while the current images are as recent as December 2014 (the last available month when the 
analysis was started). Comparing these two sets of images, it can be seen that the changes in the 
geomorphology of the Everglades region occur in localized areas, (Figure 3). These geomorphic 
changes observed in the Everglades consist of changes in the shapes and sizes of natural 
channels and water bodies. 
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Figure 3 shows the satellite images for two regions at two different time instants. As can 
be seen from this figure (highlighted in yellow), significant changes occurred on the landscape. 
For example, in Figure 3a (comparing the top and bottom panels, see also Figure 3b), the small 
channel in the center sees minor changes to its geometry. On the right hand side of Figure 3a, 
there is an addition of small streams in 2014. In Figure 3b, several segments of different channels 
disappear, while minor tributaries seem to emerge in 2014. These changes in the landscape and 
equilibrium could result in the propagation and formation (extinction) of new (old) streams and 
may be due to various changing hydrologic processes under changing climate and anthropogenic 
forcings that contribute to the accelerated changes in geomorphic features over time. It is likely 
that even looking back more than 20 years (not performed here due to unavailability of data), the 
extent of the geomorphology in the Everglades region is greater. To relate these visually 
observed geomorphic changes to the hydrological processes, one can further quantify the time 
changes of different variable processes acting on the Everglades.  
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 Figure 3 – Sample local geomorphology of the Everglades for two different locations 
(shown in right and left panels) and two different instant of times corresponding to years 
1994-5 (top panels) and year 2014 (bottom panels). Examples of changes in local 
geomorphology are highlighted in yellow. For example, in (a) addition of minor streams or 
water bodies and changes in channel geometry can be seen. In (b) over time, at the 
highlighted locations, minor streams and other features no longer exist. These images 
correspond to points A and B, indicated in Figure 1. 
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Figure 4 shows the sample time series for rainfall R(t), groundwater elevation G(t), and 
streamflow, Q(t), collected at the sampling interval of 1 day. As can be seen from this figure, 
significant variability and trends are observed in the time series plots. For example, both in G(t) 
and Q(t), a seasonal pattern is observed along with a local increase/decrease in the mean (see, for 
e.g., a decrease in the mean in G(t) in Figure 4b between the year 2005 and year 2007). In fact, 
several locations for both G(t) and Q(t) showed changes in the mean and variance over time even 
in the case of the forested sub-region, suggesting the influence of changing climate on these 
hydrologic variables (e.g., Figure 5 for various randomly selected location for G(t) and Q(t) 
gauges from the forested sub-region). Additionally, both G(t) and Q(t) show periodic/oscillatory 
behaviors throughout time.  
 Figure 6 shows the probability distribution functions (PDFs) for each station with respect 
to the sub-regions for rainfall, R(t), (Figure 6a), groundwater elevation, G(t), (Figure 6b), and 
streamflow, Q(t), (Figure 6c). The PDFs for rainfall (Figure 6a) in all sub-regions, as expected, 
appear to behave mostly similar relative to one another suggesting that the rainfall does not 
change significantly within the study area, regardless of sub-regions.  
From Figure 6b, it can be seen that groundwater elevation varies significantly with 
respect to sub-region. For example, the PDFs for the case of urban groundwater are significantly 
shifted towards the left as compared to the PDFs of the forested and transition sub-regions; 
groundwater elevations range from 0-2 m in urban, 1-2.5 m in transition, and 2.5-6 m in the 
forested sub-regions. In addition to the shifting of the PDF, a visual change in asymmetry is also 
observed for the three different sub-regions. In particular, in the urban areas, the PDFs are 
roughly positively skewed, whereas the transition and forested areas have PDFs that are 
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negatively skewed. This behavior can be explained by the groundwater mechanisms present in 
South Florida. The Forested area in South Florida is situated at higher elevations (higher 
hydraulic heads) than the urban areas (Finkl and Charlier, 2003). In terms of groundwater flow, it 
is natural that the forested areas would contain higher groundwater levels, whereas the urban 
coasts discharges groundwater, hence the lower groundwater amounts (Finkl and Charlier, 2003). 
In addition, this behavior could be a result of recent urbanization and increased population 
densities along the east coast of Florida, which has led to higher groundwater pumping for 
consumption purposes. As for streamflow (Figure 6c), the histograms behave in a pattern that’s 
roughly similar to rainfall, but more nonlinearly spread out and will be discussed later in more 
details. 
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Figure 4 – Sample time series plots for daily (a) rainfall, R(t), (b) groundwater elevation, 
G(t), and (c) streamflow, Q(t). R(t), G(t), and Q(t) correspond to stations U4 (red), U5 
(yellow), and U5 (green) from Figure 1a respectively. Note that all the time series are 
shown for similar time periods for visual comparison, however, longer time series exist and 
were analyzed for G(t) and Q(t). cms in part (c) represents cubic meter per second. 
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Figure 5 – Randomly selected locations where groundwater elevation (left column) and 
streamflow (right column) experience changes in mean and variance in their time series, 
highlighting effects of climate change. All these gauges are located in the forested sub-
region. 
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Figure 6 – Probability density functions (PDFs) for rainfall (a), groundwater elevation (b), 
and streamflow (c). U, T, and F denote urban, transition, and forested sub-regions, 
respectively. For streamflow, the PDFs are normalized using (Q-Qmin)/(Qmax-Qmin), since 
streamflow is a function of basin size. 
 
  
10
-2
10
-1
10
0
10
1
10
2
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
R(t), (cm)
R
el
at
iv
e 
Fr
eq
ue
nc
y
 
 
-1 0 1 2 3 4 5 6
0
0.05
0.1
0.15
0.2
0.25
G(t), (m)
R
el
at
iv
e 
Fr
eq
ue
nc
y
 
 
10
-3
10
-2
10
-1
10
0
10
1
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
Q(t)
R
el
at
iv
e 
Fr
eq
ue
nc
y
 
 
U1
U2
U3
U4
U5
T1
T2
T3
T4
T5
T6
T7
T8
T9
T10
F1
F2
F3
F4
F5
U1
U2
U3
U4
U5
T1
T2
T3
T4
T5
F1
F2
F3
F4
F5
U1
U2
U3
U4
U5
T1
T2
T3
T4
T5
F1
F2
F3
F4
F5
a) 
b) 
c) 
28 
 
To further quantify the asymmetry in the PDFs of R(t), G(t) and Q(t), their increments are 
computed as a function of time scale, which can be represented as follows:  
Δ𝑥𝑥(𝑡𝑡, 𝑎𝑎) = Δx(t + a) − Δx(t) (1) 
where, Δx is the incremental difference of the time series; t and a represent time and lag (scale), 
respectively. Semi-log PDFs for all three hydrologic processes and their sub-regions are shown 
in Figure 7 at a time lag, a = 1 day. As seen in Figure 7, all the three processes’ increments PDFs 
show a double-exponential type of behavior. In addition, the PDFs of the increments for 
groundwater elevation, G(t), and streamflow increments, Q(t), appear to be asymmetric, whereas 
the rainfall increments, R(t),  are just about symmetric (Figure 7a). 
To conclude whether the rainfall PDFs in Figure 6a are similar to each other, the 
quantile-quantile (QQ) plots of their increments (Figure 7a inset) are plotted against each other in 
order to observe the degree of linearity. Additionally, the Kolmogorov-Smirnov (KS) two-
sample test is used to assess the PDFs in each sub-region to see if the sample data are drawn 
from the same exponential distributions. The test is applied several times since each sub-region 
had to be paired to another (i.e., urban to transition, urban to forested, and transition to forested). 
The alternative hypothesis states that the two sample datasets are drawn from different 
distributions. At a significance level of 5%, the KS test concluded that the sample sets of data are 
drawn from the same exponential distributions. In other words, the null hypothesis, for all cases, 
is not rejected. Furthermore, the QQ plots of the rainfall increments plot linearly for all pairing 
cases, as shown in Figure 8, which reaffirms that the rainfall data come from the same 
distributions. 
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The ensemble average PDFs of the increments of G(t) and Q(t) are shown as insets of 
Figures 7b and 7c, respectively (the ensemble average increment PDF for R(t) is shown as an 
inset in Figure 7a). As can be seen from these inset PDFs, for the case of G(t), the PDFs are 
highly leptokurtic (high kurtosis) for urban as compared to the forested and transition sub-
regions whereas the trend is reversed for Q(t), i.e., the forested sub-regions show high kurtosis as 
compared to urban and transition. For both G(t) and Q(t), the PDFs for the transition sub-region 
lie between the urban and forested sub-regions. The construction of several canals around the 
Everglades over time allows the streamflow to bypass the Everglades, which may explain the 
contrasting streamflow behavior for the case of the urban (lower fluctuations in streamflow in 
urban areas) and forested sub-regions in the PDFs (i.e., Figures 6, 7) (Chambers et al., 2015). 
Figure 9 shows the increment difference PDFs for the hydrologic processes using a lag of 
365 days. For this case, these PDFs appear more symmetric for all three processes, compared to 
Figure 7. The reason for this is due to the natural periodicity of these processes. If one were to 
measure a process on a given day, and then take another measurement a year later, there is a 
tendency for those measurements to be very similar, such that the difference between them is 
nearly zero, hence it has zero degree of asymmetry. Ideally, one can assess the degree of 
asymmetry as a function of scale, or lag, to see how the increments behave over time. 
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Figure 7 – PDF increments for rainfall (a), groundwater elevation (b), and streamflow (c). 
Note the asymmetry in the groundwater elevation and streamflow plots. Rainfall PDFs 
show symmetric behavior. Also note that these PDFs were computed at a scale of 1 day. 
The insets show the ensemble averages of the increment PDFs for each sub-region. The x-
axes represent standardized increments computed using (x-µ)/σ. 
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Figure 8 – Quantile-Quantile (QQ) plots of each sub-region paired to another sub-region. 
In each case, the QQ plots form a straight line, indicating that the sample data collected 
were drawn from the same distributions. 
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Figure 9 – PDF increments for rainfall (top), groundwater elevation (center), and 
streamflow (bottom) with a scale equal to 365 days. The insets show the ensemble average 
of the PDF increments for each sub-region. Like Figure 7, the increments for streamflow 
are standardized. Notice how these PDFs are more symmetric compared to Figure 7. 
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4.1 Variability as a Function of Scale 
By using spectral analysis, one can observe the variation intensities over a range of 
frequencies. The power spectral density (PSD) characterizes how the energy or the variance of a 
signal is distributed over a range of frequencies, or scales (Singh et al., 2014). Generally 
speaking, signals consist of a combination of minor signals of different sizes and characteristics. 
The power spectral density displays the frequencies in which the corresponding energy 
contributes to the original signal. Observations can be made to conclude which range of 
frequencies is strong or weak relative to the original signal. This information can be used to 
determine the frequencies in which these hydrologic processes are prevalent. 
The power spectral density is expressed as follows: 
Φ(𝜔𝜔) = 12𝜋𝜋� 𝑅𝑅(𝜏𝜏)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝜏𝜏∞−∞  (2) 
where R(τ) represents the autocorrelation function; τ is time lag; and ω is frequency (Stoica and 
Moses, 1997; Singh et al., 2010 and 2014; Guala et al., 2014; Keylock et al., 2014). The 
autocorrelation function can be further written as: 
𝑅𝑅(𝜏𝜏) = 𝐸𝐸[(𝑋𝑋𝑡𝑡 − µ)(𝑋𝑋𝑡𝑡+𝑖𝑖 − µ)]
𝜎𝜎2
 (3) 
where E[] denotes the expected value, µ is mean, σ2 is variance, and t is time. Again, because 
there were multiple stations for each hydrologic process, the ensemble average power spectral 
densities over each sub-region were computed. 
For rainfall, the PSD plots appear to be mostly linear for all sub regions. In Figure 10 
(top), the slope for the urban sub-region is -1.07 and ranges from 2.5 to 10 days. High 
frequencies are associated with small time scales. Then, the slope slightly changes to -0.28, 
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ranging from 10 to 100 days. For the transition area in Figure 10 (center), the slope is much 
flatter, starting at -0.31 for frequencies of 2.5 days to 10 days. After that, the slope changes to -
0.12, ranging from 10 to 100 days. Regarding the forested sub-region in Figure 10 (bottom), the 
slope at lower frequencies is -0.28, ranging from 2.5 to 10 days. At higher frequencies, this slope 
becomes -0.10, for frequencies ranging from 10 days to 100 days. The rainfall PSDs do not 
appear to show any major scaling breaks along the frequency spectrum. If anything, a minor 
scaling break is apparent at a frequency of 10 days. In fact, certain portions of the rainfall PSD 
plots in which the slopes are relatively flat can be characterized as spectral gaps, which are gaps 
that contain scales that do not contribute additionally to the energy variation (Singh et al., 2014). 
Rainfall variations, as observed before, stay mostly consistent throughout time, which could 
explain why the PSD plot appears flat. 
Two spikes in the urban rainfall (Figure 10, top) PSD plot appear. These spikes have 
frequencies of roughly 3.3 and 6.7 days. This suggests that there are dominant frequencies of 
rainfall in which its energy or variance is very significant. Perhaps this may provide an indicator 
as to which specific rainfall events carry the most energy and more importantly, how this can 
impact the areas around the Everglades landscape, since they have to respond to this increase in 
energy. These frequencies may be associated with local storm events common in south Florida 
that have recurrence events ranging anywhere from a few days to one week. This information 
may be useful in assessing the hydrologic patterns being carried out along south Florida and can 
help in further protecting and maintaining the wetland ecosystems from further geomorphologic 
change.  
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Figure 10 – Average power spectral densities plotted with its error (shown as ± 1 standard 
deviation) for rainfall. The top, center, and bottom plots represent the urban, transition, 
and forested sub-regions, respectively. 
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Figure 11 shows the ensemble average PSDs for G(t) for all three sub-regions. As can be 
seen from this figure, for all three sub-regions, the PSDs suggest a log-log linear behavior for a 
range of scales and, in fact, two different scaling regimes with a scaling break at a scale of ~10 
days. For example, looking at the urban sub-region, the slope of the PSD is -2.21 at high 
frequencies (small time scales), ranging from 3 to 10 days. For larger time scales, the PSD slope 
reduces to -1.61 for a range of 10 to 100 days, suggesting a decrease in correlation at larger time 
scales for G(t). The PSD for the transition sub-region (Figure 11, center) has a slope of -2.18 for 
higher frequencies (3 to 10 days) and -1.99 for lower frequencies (10 to 100 days). As for the 
forested sub-region (Figure 11, bottom), the slope of the PSD has a value of -1.87. This slope 
slightly changes to -1.69, up to a scale of 100 days. Scaling regimes are classified as the linear 
portions observed in a log-log PSD plot (Singh et al., 2014). Note, that the scaling break 
(contrasting slopes at lower and higher frequencies) is more prominent in the case of urban as 
compared to forested sub-regions, and the difference between these PSD slopes for two different 
ranges mentioned above decreases from urban to forested sub-regions.  
For streamflow, Q(t), the PSD plots show similar behavior (i.e., two power-law scaling 
regimes, although the scaling break is shifted towards larger time scales, ~20 days) to the G(t) 
PSD plots, shown in Figure 12. However, as expected and discussed above, an opposite trend is 
observed when moving from the urban to forested sub-regions. For example, the differences 
between the slopes of two scaling regimes in the PSD are 0.35, 0.40, and 0.90 for urban, 
transition, and forested sub-regions, respectively. This increase in slope difference for different 
sub-regions for the two scaling regimes suggests that the correlation in the larger scales 
decreases significantly as compared to smaller scales as the sub-region is changed from urban to 
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forested in the case of Q(t). The scaling range where PSD slopes for Q(t) were computed was 4-
20 days for smaller scales and 20-100 days for larger scales. Note that a similar scaling break in 
the range of 3 to 24 days in streamflow PSDs was observed by Pandey et al., (1998).  
In the urban region, the PSD slope is -1.61, ranging from 4 days to about 20 days. 
Beyond this point, the PSD slope is -1.27, as shown in Figure 11 (top). For the transition sub 
region, the PSD slope found at high frequencies is -1.49, within the scales of 4 days and 20 days. 
At lower frequencies, the slope turns out to be -1.09, between scales of 20 days and 100 days. 
Lastly, for the forested sub region, the PSD slope at lower time scales is -2.71, between 4 days to 
20 days. At more intermediate to higher time scales, the resulting slope is -1.61, ranging from 10 
days to 100 days. 
In addition, in the case for the transition and forested areas (Figure 12, center and bottom), 
three spikes in the PSD plots can be seen. In fact, the spikes correspond to a common frequency 
for the transition and forested sub-regions. These observed frequencies are at the scale of 7, 3.5 
and 2.3 days, suggesting the presence of predominant wet seasons in South Florida which lasts 
from May to October, bringing with it the short duration events such as showers and 
thunderstorms occurring almost daily in the afternoons and evenings (Teegavarapu, 2012, 2013). 
It is speculated that the absence of such high energy peaks in the PSD in urban sub-region is due 
to the presence of manmade infrastructures such as canals or dams used for controlling or 
operating every few days, that smooths out these high and frequent fluctuations in Q(t). 
To further explore the transition in scaling regimes, the groundwater elevation and 
streamflow PSDs are superimposed, as shown in Figure 13. These PSDs are shifted in the 
vertical axis by order of magnitude for visualization purposes. Notice the scaling break for 
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groundwater is clearer in the urban sub-region, and becomes smoother as one approaches the 
forested sub-region (bottom row, left). The opposite is seen for streamflow. The scaling break is 
clearer in the forested sub-region, and smooths out approaching the urban sub-region. Again, this 
suggests that these processes are out of phase, or in other words, complement each other. 
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Figure 11 – Average power spectral densities plotted with its error (shown as ± 1 standard 
deviation) for groundwater elevation. The top, center, and bottom plots represent the 
urban, transition, and forested sub-regions, respectively. 
 
  
10
-3
10
-2
10
-1
10
0
10
-4
10
-2
10
0
10
2
Frequency (day-1) 
P
ow
er
 s
pe
ct
ra
l d
en
si
ty
← Slope = -1.61
Slope = -2.21→
 
 
±1σ
Power spectral density
10
-3
10
-2
10
-1
10
0
10
-4
10
-2
10
0
10
2
Frequency (day-1) 
P
ow
er
 s
pe
ct
ra
l d
en
si
ty
← Slope = -1.99
Slope = -2.18→
 
 
±1σ
Power spectral density
10
-3
10
-2
10
-1
10
0
10
-4
10
-2
10
0
10
2
Frequency (day-1) 
P
ow
er
 s
pe
ct
ra
l d
en
si
ty
← Slope = -1.69
Slope = -1.87→
 
 
±1σ
Power spectral density
∆ = 0.19
∆ = 0.60
∆ = 0.18
40 
 
Figure 12 – Average power spectral densities plotted with its error (shown as ± 1 standard 
deviation) for streamflow. The top, center, and bottom plots represent the urban, transition, 
and forested sub-regions, respectively. 
  
10
-3
10
-2
10
-1
10
0
10
2
10
4
10
6
10
8
Frequency (day-1) 
P
ow
er
 s
pe
ct
ra
l d
en
si
ty
← Slope = -1.27
Slope = -1.61→
 
 
10
-3
10
-2
10
-1
10
0
10
2
10
4
10
6
10
8
Frequency (day-1) 
P
ow
er
 s
pe
ct
ra
l d
en
si
ty
← Slope = -1.09
Slope = -1.49→
 
 
10
-3
10
-2
10
-1
10
0
10
0
10
2
10
4
10
6
10
8
Frequency (day-1) 
P
ow
er
 s
pe
ct
ra
l d
en
si
ty
← Slope = -1.61
Slope = -2.71→
 
 
±1σ
Power spectral density
±1σ
Power spectral density
±1σ
Power spectral density
∆ = 0.34
∆ = 0.40
∆ = 1.10
41 
 
Figure 13 – Superimposed power spectral density plots as is (top row), and shifted by 
several decades (bottom row). Notice the scaling nature of the plots changes as one moves 
from urban to forested and vice-versa. 
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Note that all the PSD plots were computed using an ensemble average of different 
stations. To quantify the amount of uncertainty in the data, the area that represents one standard 
deviation above and below the mean is shaded. The red shaded areas in Figures 10-12 show ± 1 
standard deviation. In some cases, namely for groundwater, G(t), subtracting one standard 
deviation from the mean resulted a negative value, which cannot be represented in a log-log plot. 
To adjust for this, the ensemble mean was shifted one standard deviation above from its original 
position, then subsequently shading the area one standard deviation above and below the 
ensemble mean. As noticed from the red shaded areas, the amount of uncertainties in the data is 
relatively small for groundwater and streamflow. These uncertainties can be due to a 
combination of natural causes and as well as anthropogenic impacts. 
 
4.2 Mean, Variance, and Asymmetry as a Function of Scale 
Obtaining the increments of the hydrologic processes allows one to analyze the processes 
from a stationary approach. This way, any statistics computed for the increments should 
characterize the processes in a more meaningful manner. However, instead of looking at one 
scale, or increment, these statistics can be computed across a range of time scales. This 
observation will reveal if there are any specific time scales in which relatively strong variability 
is observed. This analysis will focus on the mean, variance, and asymmetry across scales. 
Differencing hydrologic time series serves to remove any non-stationarity and allows for 
more in-depth observations on the structure of these processes. Figure 14 shows the ensemble 
absolute mean computed across time scales. As expected, the mean of increments is close to zero. 
However, as scales increase, the magnitude of the mean increases slightly, which may infer that 
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certain scales are related to each other. Similarly, in Figure 15, the variance is computed across 
time scales. A similar behavior is observed among these plots. The variance tends to increase 
before undergoing a slight periodic behavior. This may suggest that these processes are related to 
each other at certain scales. For example, scales on the order of 1 or 2 years may reveal distinct 
signatures of obtained statistics of the hydrologic processes. 
Exploring the asymmetry in the PDFs of increments, as observed in Figures 7 and 9, and 
its variations in different sub-regions could provide critical information about the Everglades 
experiencing major stresses and shifts. In fact, Guttal et al., (2008) argued that observing the 
changing skewness of the probability distributions of hydrologic processes provides an early and 
effective indication of a potential regime shift.  
However, Figure 7 only shows the increments PDFs at one scale (a = 1). Generally, 
physical variables such as R(t), G(t) and Q(t) have been shown to suggest strong variability 
across a range of scales as also seen in the PSD plots (Figure 10-12). To further explore the 
degree of asymmetry from the increment PDFs, one can compute the asymmetry index as a 
function of scale, defined as: 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝑡𝑡𝐴𝐴𝐴𝐴 𝐼𝐼𝐼𝐼𝑑𝑑𝑒𝑒𝑥𝑥,𝐴𝐴 = 〈∆𝑥𝑥(𝑡𝑡, 𝑎𝑎)3〉
〈|∆𝑥𝑥(𝑡𝑡, 𝑎𝑎)3|〉 (4) 
 
where the angled brackets denote a mean value. The asymmetry index A quantifies the degree of 
asymmetry as a function of scale (Singh et al., 2014).  
To account for multiple stations and gauges (as in computing PSDs of rainfall, 
groundwater elevation, streamflow), for each sub region, the ensemble average was computed 
with respect to both process and sub-region. 
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Figure 16 shows the asymmetry index as a function of time scales for the hydrologic 
processes behaving in different manners. Both groundwater elevation, G(t),  and streamflow, 
Q(t), behave similar to each other, as their asymmetry tends to decrease before undergoing a 
periodic behavior. Groundwater levels can dictate the extent of groundwater flow, or baseflow, 
occurring in an aquifer. Baseflow is a significant component of streamflow in South Florida, and 
is currently being impacted by factors, such as, pumping, drainage, and local topography (Finkl 
and Charlier, 2003). So, as groundwater levels are impacted in one way, streamflows respond in 
another manner, and vice-versa. This may suggest that groundwater elevation and streamflow are 
processes that are related to each other. Interestingly, a significant loss of variability in the 
asymmetry is observed for urban G(t), whereas, for Q(t), this loss occurs in the forested sub-
region. The periodic sections have been normalized and included as insets in Figure 16. Each 
vector, X, was normalized using: 
−1 + �2 � 𝑋𝑋 − 𝑋𝑋min
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑋𝑋min
�� (5) 
There is no distinct pattern for rainfall (Figure 16, top) as scales increase, which means that 
rainfall doesn’t vary much as a function of time scale, hence, its increments PDFs are symmetric. 
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Figure 14 – Average absolute mean across several scales for rainfall (top), groundwater 
elevation (center), and streamflow (bottom).  
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Figure 15 – Average variance across several scales for rainfall (top), groundwater elevation 
(center), and streamflow (bottom).  
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Figure 16 – Average asymmetry (third moment) index across several scales for rainfall 
(top), groundwater elevation (center), and streamflow (bottom). The insets show the 
normalized versions of the periodicities that appear in the original plots for groundwater 
and streamflow. 
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4.3 Interarrival Time 
Observing the interarrival time distributions of the time varying processes allows one to 
quantify the mechanisms that are in place in these processes. In general, interarrival time refers 
to the time between events that arrive into the system exceeding a certain threshold. For this 
analysis, an ensemble of interarrival times (obtained from different locations for each sub-
region) for rainfall, R(t), groundwater elevation, G(t), and streamflow, Q(t), were computed for 
events exceeding the 5th and the 95th percentile thresholds, representing extreme events. Figure 
17 shows the PDFs of interarrival times, displayed on log-log scale, for R(t), G(t), and Q(t), 
respectively. Interestingly these PDFs show a power-law behavior that can be expressed as a 
power-law function: 
𝑅𝑅(𝑡𝑡)~𝑡𝑡−𝛼𝛼 (6) 
where 𝛼𝛼 is the slope of the power function. Note that in some cases, there may have been a few 
significant outliers in the interarrival time data that prevented an appropriate power-law 
regression line from being plotted without drastically reducing the number of bins. To avoid this, 
these outliers were excluded.  
As can be seen from Figure 17, the interarrival times for the three sub-regions show 
different power-law exponents. For example, comparing the urban and forested sub-regions for 
Q(t), (Figure 17c, right), the power-law exponents are -2.05 and -1.32, respectively, implying 
that the interarrival time for the same frequency events is much shorter in the case of urban as 
compared to the forested sub-region. This is due to the fact the forested regions intercept runoff 
as groundwater and slow down the arrival of extreme events at the outlets.  
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In addition, comparing the slopes of interarrival times between the urban and forested 
sub-regions for G(t) and Q(t) with R(t), the slopes for forested sub-region remains similar 
whereas for the case of urban sub-region, Q(t) and R(t) show similar slopes while the slope for 
G(t) increases, suggesting lower probability of higher extreme events in the case of urban sub-
region for G(t). This observation reinforces that the fact that significant anthropogenic influence 
in groundwater can alter landscapes. The power law exponents for all cases are listed in Table 2. 
Similar features are seen for the 5th percentile power-law regressions (Figure 17, left column). 
The rainfall regressions do not change, while the groundwater and streamflow regression slopes 
show changes in the way they are governed. 
Essentially, observing the interarrival time distribution of these hydrologic processes 
further indicates that there are significant anthropogenic changes present around the Everglades. 
Perhaps if the degree or extent of the anthropogenic changes persists or amplifies, the natural 
regime of the hydrologic processes in the Everglades will soon be disrupted in such a way that 
the wetlands and the ecosystem cannot adequately respond to the adverse changes. 
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Figure 17 – Five (left column) and ninety-five (right column) percentile PDFs for a) rainfall, 
b) groundwater elevation, and c) streamflow with power law fits for each area. 
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Table 2 – Power-law exponents of the interarrival PDFs listed from Figure 17. 
Slope, α 
Urban Transition Forested 
5% 95% 5% 95% 5% 95% 
Rainfall, R(t) -3.46 -2.10 -3.32 -1.85 -3.30 -1.65 
Groundwater, G(t) -1.71 -2.68 -2.11 -1.68 -1.16 -1.66 
Streamflow, Q(t) -2.75 -2.05 -2.45 -1.78 -2.23 -1.32 
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4.4 Effect of changing hydrology on river networks 
The terrain of the Everglades and the greater south Florida region is mostly flat with the 
exception of the northwest section of the DEM (Figure 2). This area in north central Florida 
consists of a low ridge known as the Lake Wales Ridge, or the Mid-Florida range. This ridge 
spans about 242 km north to south. The ridge elevation spans from around 16-92 m above sea 
level. In the southern portion of Florida, where the Everglades reside, the land becomes flat, 
almost reaching sea level.  
In modern investigations, digital elevation models (DEMs) are becoming increasingly 
useful in analyzing landscapes characteristics and features. These features such as river and 
channel networks, which interact with the above discussed hydrologic processes, can be 
extracted from DEMs, allowing investigators to observe how landscapes behave spatially and 
temporally (Tarboton et al., 1991; Hooshyar et al., 2016). 
Figure 2 shows an example of the river network obtained from analyzing 30 m resolution 
DEMs for the Everglades and the greater south Florida region and provides a conceptual 
understanding of how the area is divided into different drainage basins and where the rivers 
ultimately discharge to. For example, in the lower regions of the Everglades, a collection of 
streams ultimately converge into one stream and eventually discharges at the southwest coast of 
Florida. The northern section of the Everglades discharges at the east coast of Florida. This 
particular flow regime appears to flow in the opposite direction compared to the historical flow 
regime. Note that due to the flat topographic nature of south Florida, working with 30 m DEMs 
may have limitations. Also, the presence of human intervention (i.e., in the form of man-made 
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canals, levees and water control structures) along the north end of the Everglades may lead to 
modified river networks.  
Since our study categorizes the study area into three sub-regions, it is necessary to 
compare the river networks in each sub-region. For this purpose, within each sub-region, three 
drainage basins are mapped out and their drainage densities and local slopes were computed. The 
drainage density is defined as the total length of all the streams in a basin divided by the total 
area of the basin and characterizes how well or how poorly a basin is drained. Also note that the 
magnitude of drainage density is dependent on the resolution of the DEMs. This study is focused 
on the comparison of drainage density among different landscapes, and small channels may not 
be included due to the resolution of the DEMs (30 m).The ensemble averaged drainage density 
for each sub-region is listed in Table 3 along with the characteristics of the river network for 
each stream order, Ω. As expected, drainage density decreases as one moves from the forested 
sub-region to the urban sub-region. Drainage basins in the forested sub-regions drain well, 
whereas the basins in the urban sub-regions drain poorly. Human interferences are a potential 
contribution to the lower drainage density in the urban sub-regions. Similar behavior is seen in 
the case of stream order based drainage densities, especially, for the 1st, 2nd, and 4th order basins. 
Comparing the local slopes across the three sub-regions, the slopes are roughly similar across the 
landscape due to the flat topographic nature of South Florida. This comparison can be seen in 
Figure 18. The urban, transition, and forested sub-regions had an average slope value of 2.60, 
2.06, and 2.76 degrees respectively. The standard deviation of the slopes for the urban, transition, 
and forested areas are 2.97, 2.27, and 2.93 degrees respectively. 
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A clear indication of changes observed in this study in both hydrologic and geomorphic 
characteristics of the Everglades when comparing the urban and forested sub-regions suggest a 
significant influence of anthropogenic activities on the Everglades’ landscape. 
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Table 3 – Averaged basin and stream order characteristics for each sub region. 
Region Stream Order Count 
Length 
(km) Area (km
2) 
Drainage 
Density 
(km-1) 
Total 
Drainage 
Density 
(km-1) 
Urban 
1 19.0 72.2 
456.77 
0.178 
0.323 2 12.3 47.8 0.095 3 2.7 13.4 0.036 
4 4.0 18.6 0.021 
Transition 
1 32.3 157.8 
743.19 
0.214 
0.385 
2 17.3 57.1 0.078 
3 7.3 38.8 0.056 
4 8.3 31.0 0.037 
5 1 0.1 0.001 
Forested 
1 57.0 222.2 
1373.91 
0.254 
0.525 2 30.3 138.1 0.149 3 16.3 67.6 0.080 
4 9.3 36.5 0.041 
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Figure 18 – Slope PDFs of the sample watersheds for each corresponding area. These 
particular basins are shown in Figure 2. 
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CHAPTER 5: CONCLUSION 
Wetlands host a diverse array of plant and animal species. The organisms depend on 
natural processes of the wetlands in order to carry out life processes and to survive and prolong 
their existence. This study explored changes in hydrologic and geomorphic processes that may 
have impacted the Everglades wetlands in some way, and argued how their signatures have 
changed spatio-temporally. In the presence of changing hydrologic processes, such as rainfall, 
groundwater elevation, and streamflow, the landscape has to adjust to a new dynamic 
equilibrium.  
Changing skewness and asymmetry can serve as early warning indicators as to when a 
landscape may experience regime shifts (Carpenter and Brock, 2006; Guttal et al., 2008). In this 
case, regime shifts are detrimental in that it would cause the Everglades to deviate away from a 
stable state into another state. As the wetlands undergo this transition, many features and 
properties native or exclusive to the landscape, such as vegetation, tree and island connectivity, 
are lost or modified. Moreover, the aquatic and riparian species are victims to the morphologic 
changes and suffer degradations in ecosystems and habitats, which will prompt managing entities 
to anticipate the changing hydrology and protect the wildlife.  
Analyzing hydrologic records and computing various statistics can provide useful 
insights as to how a certain location is changing over time. This type of procedure is adaptive in 
nature, so the conclusions obtained for one study can differ considerably for several landscapes 
in multiple locations (IPCC, 2001; Eckhardt and Ulbrich, 2003; Novotny and Stefan, 2006). 
Changes in one area may appear favorable for habitats whereas changes in another may appear 
58 
 
harmful to ecosystems. It is crucial that ecosystems be assessed in order to apply better 
management principles to protect and restore natural conditions that benefit the diverse wildlife.  
Morphologic changes, although very minor and localized, can be observed from satellite 
imagery dating back to 1994-5. Analyzing the DEMs over the wetlands roughly show the distinct 
properties of the watersheds as one moves from the urban sub-region to the forested sub-region. 
As expected, the drainage density increases from urban areas to forested areas. This shows how 
human manipulation (i.e. urban development) influences the natural wetlands to some extent.  
A collection of hydrologic data, in the form of rainfall, groundwater elevation, and 
streamflow, has been obtained and analyzed from stations in and around the Everglades wetlands. 
Higher order statistics were computed, (e.g., variance and asymmetry) as a function of time scale. 
These plots suggest distinct signatures of the urban, transition and forested sub-regions 
reconfirming the effects of human and climate on the ecosystem. For example, analyzing the 
power spectral density (PSD) plots reveals distinct scaling regimes across landscapes (urban to 
forested). In groundwater, scaling is more apparent in the urban region, whereas for streamflow, 
scaling is more apparent in the forested region, suggesting that these processes behave out of 
phase (complement) with each other. In other words, a significant difference in the slopes 
between smaller and larger scales of the PSDs is observed when transitioning from the forested 
to the urban sub-regions. The groundwater elevation and streamflow showed contrasting results. 
The interarrival time analysis of extreme (>95th percentile) events showed power-law 
distributions for the three different sub-regions. In particular, comparing slopes of interarrival 
time PDFs between urban and forested sub-regions for G(t) and Q(t) with R(t), the slopes for 
forested sub-region remains similar whereas for urban sub-region, Q(t) and R(t) show similar 
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slopes while the slope for G(t) increases, suggesting lower probability of higher extreme events 
in the case of urban sub-region for G(t). This observation reinforces the fact of significant 
anthropogenic influence on groundwater in the Everglades can alter landscapes. 
These results suggest that any further accelerated changes in climatic and anthropogenic 
activities can change the dynamic nature of the Everglades and can pose a threat to the landscape 
and ecosystem. This assessment raises the need to restore natural conditions and regulating 
anthropogenic activities so that its effects are not significant. 
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